Abstract. An interpretation of non-standard, central MHD events in the TCV tokamak during localized ECRH is presented. It is shown that the non-standard behaviour is a consequence of specific features in the electron temperature profile produced when ECRH power is deposited close to the q = 1 surface and by the advection and mixing of electron thermal energy resulting from a resistive MHD instability.
Experimental research on controlled thermonuclear fusion requires the production of hot plasmas with temperatures in the multi-keV range. One effective scheme providing intense localized heating is ECRH [1] . Resonant electromagnetic waves are launched into a magnetically confined plasma at a frequency matching a low integer multiple of the local EC frequency, ω ce = eB/mc. In recent years, record values of ECRH power density have been attained. This has revealed new and peculiar plasma behaviour. One example is the observation of multipeaked electron temperature profiles and sharp temperature gradients in the RTP [2] and TEXT Upgrade [3] experiments, explained in Ref. [4] as being the consequence of interaction between ECRH and resistive MHD modes with toroidal n = 1 and dominant poloidal m = 1 mode numbers. These modes are known to be responsible for the well known internal plasma sawtooth relaxation oscillations [5] . In TCV experiments with intense ECRH, sawtooth oscillations acquire a non-standard character, as reported in Refs [6, 7] . In particular, when the ECRH power is deposited close to the q = 1 surface, the line integrated soft X ray temporal traces exhibit peculiar shapes, which suggested the nickname 'humpback' when they were first observed in T-10 experiments [8] . The purpose of this Letter is to propose a theoretical interpretation of the humpback phenomenon. We argue that specific features in the electron temperature profile are produced by localized ECRH. Then, the humpback behaviour is consistent with the advection and mixing of electron thermal energy in the plasma core associated with the excitation of resistive m/n = 1 internal modes.
TCV is a tokamak with major radius R = 0.88 m, minor radius a = 0.25 m, vacuum vessel elongation κ = 3 and central magnetic field B = 1.43 T in vacuum. Up to three 82.7 GHz, 500 kW gyrotrons, each with a pulse length of 2 s, for heating at the cyclotron second harmonic resonance via the extraordinary mode, were used in this study. The vertical microwave beam diameter near the plasma centre is of the order of 5 cm, while the horizontal width of the deposition region is O (1 cm). ECRH power densities in excess of 1 × 10 2 MW/m 3 can be obtained. New insight into the temporal evolution of the different types of MHD modes observed in TCV has become possible because of the recently upgraded, 200 channel soft X ray tomographic system, allowing for a sampling time of 13 µs. The spatial reconstruction of the central emissivity profile is based on a pixel method with characteristic spatial resolution of about 3 cm, to be compared with a typical sawtooth inversion radius of 5-10 cm. Figure 1 compares standard and humpback relaxation oscillations in TCV. Standard sawteeth, shown in Figs 1(a,b) , are observed with auxiliary heating when the ECRH power is deposited on the magnetic axis. Figure 1 (a) presents the line integrated soft X ray intensity, I X , for a vertical chord through the plasma centre as a function of time and Fig. 1(b) presents a tomographic reconstruction of the soft X ray emissivity isocontours. With off-axis ECRH, different types of nonstandard oscillations are observed [6] . For instance, so-called 'saturated sawteeth' are often observed when the wave energy is deposited within the magnetic surface where the magnetic winding index (safety factor), q, equals unity. Humpback relaxations, which are the focus of this Letter, are observed when the ECRH power is deposited close to the q = 1 surface. The resulting humpback behaviour for the line integrated soft X ray traces is shown in Fig. 1(c) . In Fig. 1(d) we show the corresponding emissivity isocontours. Humpback relaxation oscillations were also observed in the T-10 tokamak with central electron cyclotron (counter-)current drive [8] . However, current drive is not an essential ingredient for the appearance of humpbacks in TCV.
The distinctive feature of humpback relaxations is the fast drop and rise of the central soft X ray emissivity, on a timescale normally below 1 ms in TCV. We show later that the relaxation process, including the fast rise, is associated with the development of the m/n = 1 instability. After the fast events, a diffusive and heating phase follows, during which central emissivity is again observed to drop and rise, but on a slow timescale. The overall change in intensity is much smaller for a humpback than for a standard sawtooth for comparable ECRH power, safety factor and total plasma energy content. For instance, in Fig. 1 , ∆I x ∼ 8% for the humpback and ∼25% for the standard sawtooth. The repetition time for humpback relaxations can be significantly longer than that for the standard sawtooth period.
One way to analyse soft X ray data is the singular value decomposition (SVD) method [9] . The inverted emissivity measurements form a signal matrix, X, which is decomposed into orthonormal spatial eigenvectors u 'topos' and temporal eigenvectors v 'chronos', resulting in a separation of variables
The three dominant pairs of eigenvectors characterizing a humpback oscillation are shown in Fig. 2 . The k = 1 amplitude, a 1 , is the largest by two orders of magnitude. For simplicity, only a horizontal cut through the plasma centre of the topos is shown. These can be interpreted as follows: u 1 , average emission profile; u 2 , peaking or flattening of the average profile; u 3 , m = 1 structure of the emissivity profile. The k = 1 chrono oscillates on the timescale of the humpback period. Between subsequent relaxations, the amplitude of the k = 2 chrono is nearly constant as compared with its variation during the relaxations, which indicates that the X ray emissivity does not show the typical peaking of standard sawteeth, but remains nearly flat within the q = 1 region. This is in contrast with standard sawteeth, which usually exhibit a monotonic increase of the k = 2 amplitude, indicating gradual peaking between subsequent relaxations. The third pair of eigenvectors shows an m = 1 oscillation which significantly exceeds the estimated noise level just before the relaxation phase. The different time behaviours of the three eigenvectors suggest that the fast drop and rise of the relaxation phase is associated with MHD activity, while the slow oscillation phase is a global phenomenon of the emissivity profile which can be ascribed to a transport process. Our understanding of the humpback phenomenon, in particular of the fast drop and rise behaviour of the soft X ray emissivity, is based on the following heuristic picture. When the ECRH power is deposited near the q = 1 radius, r 1 , the temperature profile tends to acquire distinctive features. Specifically, the electron temperature can become relatively flat, perhaps even hollow, in the central region up to the q = 1 radius and relatively steep outside this radius, as the result of localized heating and diffusive transport during periods of relative MHD quiescence. These periods are terminated by the onset of m/n = 1 magnetic islands [10, 11] . Since the formation of these specific features in the electron temperature profile requires relatively long quiescent periods, improved stability against m/n = 1 modes is an important factor. This improvement is possible because ECRH power deposited near the q = 1 surface can lead to a reduction of the magnetic shear near that surface (via an increase of the local electrical conductivity), which is known from experiments [12] [13] [14] and theory [15, 16] to produce a stabilizing influence. Now, let us indicate with T 0 , T 1 and T mix the values of the electron temperature before the onset of the m/n = 1 magnetic island, on the magnetic axis, at the q = 1 radius and at the sawtooth mixing radius [10] r mix , respectively. For the case of a humpback, T 0 ∼ T 1 > T mix , while for a standard sawtooth T 0 > T 1 > T mix . The m/n = 1 magnetic island can grow on a timescale faster than the heating and diffusion timescales. Thus, during the island growth, the temperature on the displaced magnetic axis remains nearly constant, i.e. close to T 0 . Similarly, the temperature at the island O point, which corresponds to the flux surface of radius r 1 before the onset of the island, remains close to T 1 . Figures 3(a,b) illustrate a humpback relaxation event. Figure 3(a) shows the situation when the displacement, ξ, of the original magnetic axis is about 0.5r mix . Since T 0 ∼ T 1 , both the plasma core and the island O point region are relatively hot. Between these two peaks, a valley in the temperature profile is produced, with a minimum value, T min , such that T 1 > T min ≥ T mix . In fact, the inner and outer legs of the island separatrix are in thermal contact, as they are part of the same flux surface cross-section, so that magnetic field lines on or near the separatrix connect central plasma regions with regions at a radial distance between r 1 and r mix from the centre. This valley moves rapidly across the plasma centre on the timescale of the island growth, as shown in Fig. 3(b) . Thus, the plasma temperature at a fixed central point drops and rises quickly during the passage of this valley, reproducing the fast drop and rise relaxation phase of a humpback. Note that, starting from a slightly hollow temperature profile peaked at r 1 (curve 1 of Fig. 3(b) ), the relaxed profile is peaked on-axis (curve 4), as the reconnection process in this case entails a net convection of thermal energy from the q = 1 surface to the centre. Then, a slow diffusive phase follows, during which the electron temperature on-axis slightly drops and recovers as ECRH power is deposited off-axis. The case of a standard sawtooth is contrasted in Figs 3(c,d) . In this case, the hot core is displaced while maintaining a temperature close to T 0 , while the island region is relatively cold, with a temperature about T 1 intermediate between T 0 and T mix . Figure 3 is actually the result of a quantitative simulation model, first proposed in Ref. [4] , which solves the thermal energy diffusion equation taking into account the anisotropy introduced by the magnetic field (heat diffusion along magnetic field lines is much faster than cross-field diffusion), a localized electron heat source, plasma rotation and a growing m/n = 1 magnetic island. The m/n = 1 magnetic topology is described by a helical flux function, ψ = ψ (r, α, ξ), where α = θ − φ and ξ(t) is the radial displacement of the hot core magnetic axis as a function of time. Figure 2 of Ref. [4] illustrates a poloidal cross-section of the ψ = const flux surfaces and the ECRH heating region. As a consequence of plasma rotation, the ECRH power is effectively deposited within the annular region between the radii r h1 and r h2 on the poloidal midplane. A diffusion equation describing the evolution of the temperature on magnetic flux tubes frozen to the plasma flow is introduced. At the particular instant in time when two flux surfaces with equal helical flux reconnect, a mixing rule for the thermal energy is implemented [4] . In our model, the function ξ(t) is a free parameter not determined theoretically. Reasonable trial functions for ξ(t) are suggested by stability considerations and may be inferred from experimental data.
Typical simulation results for humpback oscillations are shown in Figs 3(a,b) and 4. The input parameters are r h1 /r 1 = 0.85, r h2 /r 1 = 1.15, χ ⊥ τ saw /r 2 1 = 0.2 and P EC τ saw /(V 1 n) = 1.9 keV, where χ ⊥ is the cross-field thermal energy diffusion coefficient, assumed to be constant for r ≤ r 1 , τ saw is the oscillation period, P EC is the ECRH 3 , one obtains χ ⊥ = 0.7 m 2 /s, a realistic value within the q = 1 radius, and P EC = 500 kW. The function ξ(t) used in this simulation is shown in Fig. 4(a) . Figure 4(b) shows the central electron temperature as a function of time. In order to obtain a humpback with our simulation code, one needs to assume heating near the q = 1 radius and a relatively long period between successive relaxations during which ξ(t) ≈ 0, consistent with the experimental indications, so that during the quiescent periods the electron temperature can build up in the region where the heating power is concentrated and T 1 can become comparable to or even larger than T 0 . Figures 4(c,d) show simulated line integrated soft X ray traces for two different vertical viewing chords: Fig. 4(c) is from a chord through the centre and Fig. 4(d) is from a chord at a distance 0.4r 1 from the centre. The detailed shapes of the line integrated traces depend on the viewing chord.
The simulations in Figs 3 and 4 give a fast drop and rise of the local electron temperature occurring on the same timescale. However, with a more structured functional form for ξ(t), the fast rise can be made slower than the fast drop. This may be important for a more detailed comparison with the experimental traces, as will be shown in a later publication.
For markedly different choices of parameters, different types of non-standard sawtooth traces can be obtained. In particular, if the ECRH power is deposited well within the q = 1 region, we can reproduce saturated as well as triangular sawteeth, depending on the choice of ξ(t). An example of a simulated saturated sawtooth was shown in Ref. [7] . Multipeaked temperature profiles of the type observed in RTP [2] are obtained with our code assuming narrower ECRH deposition widths and a magnetic island which grows slowly during a large fraction of the time between relaxations.
In conclusion, we have discussed a new type of non-standard relaxation oscillations observed in ECRH plasmas produced by TCV and T-10, the socalled humpbacks. The explanation of the humpback phenomenon, as first proposed in this Letter, requires specific features of the electron temperature profile produced by localized ECRH and a fairly standard model for m/n = 1 magnetic islands. Indeed, in our model, the evolution of these islands obeys the topological constraints of the Kadomtsev model [10] . However, the humpback phenomenon was unforeseen and could be brought to light only with localized electron heating. More specifically, we have shown that intense localized ECRH near the q = 1 radius can produce temperature profiles which are nearly flat up to the q = 1 radius and which fall steeply beyond that radius. The fast drop and rise of the soft X ray line integrated intensity for a humpback is then shown to follow the development of an m/n = 1 magnetic island and the corresponding advection and mixing of thermal energy.
The essential aspects of this behaviour are captured by our model. The model is also able to reproduce different types of non-standard sawteeth, such as saturated sawteeth, as shown in Ref. [7] . However, the model is admittedly very rough and there are many open issues that call for extensions. One issue relates to current drive effects, which probably play an important role for the detailed interpretation of humpback events observed [8] in T-10. Since current drive modifies the q profile and the local magnetic shear, we expect this to have consequences for m/n = 1 mode stability which could be taken into account by different choices of the displacement function in our simulation code. Double tearing modes excited by non-monotonic q profiles may give rise to a similar relaxation phenomenology and could play a role in the understanding of non-standard relaxation traces sometimes observed when ECRH is deposited close to the q = 2 surface. Another open issue is the overall detailed shape of a humpback trace. In particular, the slow drop and rise of the soft X ray emissivity between successive relaxations is most likely the result of transport. Our simulations with constant density and χ ⊥ do show a tendency for central electron temperature to slowly drop and rise between humpback relaxations; however, more accurate modelling requires realistic transport coefficients for the plasma. The simulation results support our heuristic picture of the humpback event and are in good qualitative agreement with the experimental traces. These results are relatively insensitive to small variations of the model input parameters and of the function ξ(t).
